Photochemical reactions of N-methylphthalimide with silyl enol ethers have been explored. Irradiations of phthalimide (1) and cyclic silyl enol ethers (5a-b) are observed to promote formation of photoreduced phthalimides and photoaddition products by sequential SET-desilylation pathways. The photoreaction of phthalimide (1) and acyclic silyl enol ethers (5c-d) leads to produce oxetanes which arise by competitive single electron transfer (SET) and classical 2+2 photocycloaddition (Partenò-Büchi reaction) pathways.
Introduction
Our recent studies of single electron transfer (SET) photochemistry using α-silyl electron donors have shown that photoinduced sequential SET-desilylation serves as an efficient and highly regioselective pathway leading to carboncentered radical generation and eventually, to carbon-carbon bond formation. [1] [2] [3] [4] Numerous examples of SET-promoted excited states processes in which intermediate cation radical desilylation serves as the driving force are found in the photochemistry of phthalimides. 5, 6 Mazzocchi et al. reported that the photochemistry of Nmethylphthalimide (1) in presence of alkenes is characterized by the two competing processes 7 : In one of these reactions the alkene adds to the C(O)-N bond of N-methylphthalimide that ultimately leads to a ring expanded benzazepinedione (3). 8 A competing electron transfer process results in the formation of a radical cation-radical anion pair which can be efficiently trapped in alcohol solvents such as 4 (Scheme 1). 9, 10 The study on the SET photochemistry of the easily oxidized trimethylsilyl enol ether have shown that photoinduced SET occurs from a simple trimethylsilyl enol ether to generate an intermediate cation radical, which is converted into the precursor aldehyde or ketone. [11] [12] [13] In this research, the SET-induced photochemical reaction of silyl enol ether (5a-d) with N-methylphthalimide (1) was investigated. The results of this efforts, reported below, show that N-methylphthalimide with cyclic silyl enol ether as an electron donor undergoes photoaddition reaction exclusively via SET-desilylation pathways. On the other hand, Nmethylphthalimide with acyclic silyl enol ether participates in two competing excited state reaction pathways involving SET-induced and classical oxetane formation. . Preparative photochemical reactions were conducted with an apparatus consisting of a 450W Hanovia medium pressure mercury vapor lamp surrounded by a Pyrex glass filter in a watercooled quartz immersion well surrounded by the solution being irradiated. The photolysis solutions were purged with nitrogen before and during irradiations. The photolysates were concentrated under reduced pressure giving residues which were subjected to preparative TLC on 20 × 20 cm silica gel coated plates. Low and high resolution (HRMS) mass spectra were obtained by use of electron impact ionization unless otherwise noted. All starting materials used in the photoreactions derived from commercial sources. All new compounds described are isolated as oils in > 90% purity (by NMR analysis) unless noted otherwise.
Experimental
Irradiation of N-Methylphthalimide (1) and 1-(Trimethylsilyloxy)cyclohexene (5a). Methanol. A solution of
Scheme 1
N-methylphthalimide (1) (500 mg, 3.10 mmol) and 1-(trimethylsilyloxy)cyclohexene (5a) (5.28 g, 31.0 mmol) in 100 mL of methanol was irradiated for 12 h (ca. 50% conversion of 1). Work-up and chromatographic (1:1, ethyl acetate: nhexane, v/v) separation (see General) gave 52 mg (21%) of 8 and 84 mg (17%) of 9.
Acetonitrile. A solution of N-methylphthalimide (1) (500 mg, 3.10 mmol) and 1-(trimethylsilyloxy)cyclohexene (5a) (5.28 g, 31.0 mmol) in 100 mL of acetonitrile was irradiated for 12 h (ca. 60% conversion of 1). Acetonitrile. A solution of N-methylphthalimide (1) (500 mg, 3.10 mmol) and 1-(trimethylsilyloxy)cyclopentene (5b) (4.85 g, 31.0 mmol) in 100 mL of acetonitrile was irradiated for 12 h (ca. 35% conversion of 1). Work-up and chromatographic (1:1, ethyl acetate : n-hexane, v/v) separation (see General) gave 23 mg (13%) of 8, 56 mg (16%) 9, 43 mg (16%) of diastereomeric photoadducts 6b and 5 mg (2%) of 7b.
6b: Acetone. A solution of N-methylphthalimide (1) (500 mg, 3.10 mmol) and 1-(trimethylsilyloxy)cyclopentene (5b) (4.85 g, 31.0 mmol) in 100 mL of acetone was irradiated for 12 h (ca. 40% conversion of 1). Work-up and chromatographic (1:1, ethyl acetate : n-hexane, v/v) separation (see General) gave 20 mg (10%) of 8, 32 mg (8%) 9, 55 mg (18%) of diastereomeric photoadducts 6b and 6 mg (2%) of 7b.
Benzene. A solution of N-methylphthalimide (1) (500 mg, 3.10 mmol) and 1-(trimethylsilyloxy)cyclopentene (5b) (4.85 g, 31.0 mmol) in 100 mL of benzene was irradiated for 12 h (ca. 12% conversion of 1). Work-up and chromatographic 
Results and Discussion
For the photochemical studies, N-methylphthalimide (1) as an electron acceptor and four silyl enol ethers (5a-d) as an electron donor were used. 1-(Trimethylsilyloxy)-2-butene (5c) and 2,4-dimethyl-3-(trimethylsilyloxy)-2-pentene (5d) were prepared with 2-butanone and 2,4-dimethyl-3-pentanone by use of the general reaction sequence outlined in literature and confirmed by NMR and MS. 11, 14 The photochemical reactions were performed by irradiation of CH 3 CN, CH 3 OH, acetone or benzene solution of Nmethylphthlimide 1 (31.0 mM) and silyl enol ethers 5a-d (310 mM) using Pyrex filtered-light (λ > 290 nm) for time periods resulting in 10-67% conversion of the N-methylphthlimide. Products separation in each case was performed by silica gel chromatography. Irradiation times, solvents, products and yields for these processes are recorded in Table 1 .
Irradiation of N-methylphthalimide (1) and 1-(trimethylsilyloxy)cyclohexene (5a) in CH3CN or acetone leads to production of a complex mixture of products including the photoaddition product 6a, 7a by opening of 6a, reduced phthalimide 8 and dimer 9 (Scheme 2). On the other hands, irradiation of N-methylphthalimide (1) and silyl enol ether (5a) in methanol leads to the production of photoreduction products 8 and 9 exclusively. Structural assignments to the photoproducts were made on the basis of spectroscopic data. The photoaddition product 6a is formed by sequential SETdesilylation pathways and exists as diastereomers in ca. 1 to 1.4 ratios according to 1 H-NMR and 13 C-NMR spectra data. IR spectra of photoaddition products 6a and 7a show characteristic absorption bands for hydroxyl group at 3000-3600 cm −1 and carbonyl group at 1650-1710 cm show singlet peaks at 2.55-3.52 ppm for methyl groups. In order to obtain further information about the reactive excited states of 1 and 5a, oxygen quenching experiment was investigated. The oxygen results in complete quenching of all photoproducts in the photoreaction of 1 and 5a in CH3CN. This result shows that photochemical reaction appears to occur by SET of triplet excited state.
As shown in Table 1 , photochemical reaction of N-methylphthalimide (1) and 1-(trimethylsilyloxy)cyclopentene (5b) is similar to that of silyl enol ether 5a (Scheme 3). When 1 and 5b were irradiated in mixing solvent (CH3CN-15%H2O), the yields of photoreduction products 8 and 9 were increased by ca. 3 times while photoaddition product 6b was reduced by comparison with photolysis in CH3CN. This indicates that photoreaction of 1 and 5b in aqueous solvent system appears to occur electron-transfer-mediated process but it is difficult to form photoaddition product by sequential SET-desilylation pathways.
Irradiation of N-methylphthalimide (1) and 1-(trimethylsilyloxy)-2-butene (5c) in acetone was investigated. The result shows that 1 and 5c participates in two competing excited state reaction pathways involving SET-induced and classical oxetane formation. As shown in Scheme 4, the SET-process results in production of the ion radical pair 10 which can partition to the β-hydroxyketone 13 or oxetane 14 adducts by respective desilylation or zwitterion forming C-C bonding pathways. Owing to the lability of oxetane 14, it undergoes rapid hydrolytic conversion to the β-hydroxyketone 13. The ethylidenyl product 7c was observed by the bond cleavage of oxetane 14. In competition with these routes, direct cycloaddition of the silyl enol ether (5c) with the triplet phthalimide occurs to generate classical Partenò-Büchi products, oxetane 15 by 2+2 photocycloaddition. 15 The photochemical reaction of of N-methylphthalimide (1) and 2,4-dimethyl-3-(trimethylsilyloxy)-2-pentene (5d) in acetonitrile shows similar results that of 5c (Scheme 5). Irradiation of 1 and 5d in CH 3 CN leads to production of reduced phthalimide 19, β-hydroxyketone 16, ethylidenyl product 7d and two oxetanes 17, 18. As depicted in Scheme 4 above, the SET-process results in production of hydroxyketone 16 and oxetane 17 adducts by respective desilylation and zwitterion forming C-C bonding pathways. The oxetane 18 is classical Partenò-Büchi product, formed by 2+2 photocycloaddition. It is interesting that the oxetane product 17, which contains labile function, is observed to undergo rapid hydrolysis to form the Aldol type β-hydroxyketone 16.
In Scheme 5, the ratio of photoproducts by SET pathway is increased and 2+2 photocycloaddition product is decreased as compared with irradiation of 1 and 5c. The relative efficiencies of the SET and classical cycloaddition reactions should be governed by the nature of the silyl enol ether donor which, in turn, is a function of the degree of methyl substation on the vinyl moiety. Thus, the predominant production of oxetane 17 (from SET route) versus oxetane 18 (from Partenò-Büchi route) clearly reflects the control offered by this property. The same trend was observed for the photoreaction of silyl ketene acetals as electron donors in the previous research. 16 Finally, the photoaddition of N-methylphthalimide with silyl enol ether in most cases serve as procedure to prepare β-hydroxyketone products either by in situ or subsequent 
